Hunger, appetite, and satiety are often regarded as problems in the physiology of digestion. In recent years, however, they have been studied more and more commonly as functions of the brain. This latter point of view, i.e., neurophysiology, is used in the paper which follows, and the regulation of food intake is here described in terms of mechanisms and reactions that characterize the nervous system.
decerebrated cats, showed that simple feeding responses are possible after removal of much of the mesencephalon and all of the more rostral portions of the brain. Their decerebrated animals were capable of reflex chewing and swallowing and reflex rejection of certain materials. Bazett and Penfield noted purring after their cats were fed, which suggests that a certain degree of "satiety" can occur even at the reflex or segmental level.
The function of the hypothalamus, the next higher level, is assumed to be a quantitative one, as if this part of the brain adjusts energy intake to energy expenditure. The medial hypothalamus is believed to take part in It is conceivable that the lateral hypothalamus or appetite mechanism serves to facilitate feeding reflexes, while the medial hypothalamus or satiety mechanism acts to inhibit the reflexes. In a fasting condition the lateral portion would be active, the medial one quiet, with a resulting high appetite and low satiety. But after feeding, the lateral portion would be quiet and the medial one active-low appetite and high satiety. When the medial mechanism is injured and hyperphagia follows, any remaining regulation probably occurs through variations in activity of the lateral portion, that is, through changes only in appetite. This may explain why appetite is so labile or changeable in animals with hyperphagia, as
Kennedy,"0 Stevenson,'7 and Teitelbaum' have observed.
The highest level of the brain, the cerebral cortex, is no doubt concerned with feeding responses, but there are few experimental data relating to this subject, with the exception of certain psychological studies on animals, especially primates. Pribram and Bagshaw's observations suggest that the cortex is necessary for recognition of objects suitable for food, and with feeding responses as affected by social environment." Since the work of Goltz it has been known that decorticate animals are restless at feeding time, and quiet after they are fed.'2 This observation minimizes the importance of cortical mechanisms in feeding. Neurological studies upon infants born with a cerebral lesion, or an imperfectly developed brain, also provide evidence on this point. An infant may nurse well although the cerebral cortex is grossly abnormal. Even in normal babies the regulation of feeding may not at first require the highest levels of the nervous system. Later, when habits and customs become more important, the cerebral cortex is doubtless more intimately concerned.
The second part of this paper is devoted to the many similarities between regulation of feeding and regulation of respiration-that is, pulmonary ventilation. Both feeding and breathing are periodic and rhythmic phenomena, subjected to reflex control, with integration and possible "motivation" from the brainstem. Moreover, all levels of the nervous system, including the cerebral cortex, take part in their regulation. The quantities regulatedminute volume and food intake, respectively-are in each case the product of a frequency multiplied by a quantity. Respiratory minute volume is the product of tidal air multiplied by respiratory rate, while food intake is the product of frequency of feeding and size of the meals. In the brainstem the inspiratory and appetite centers are analogous, while the expiratory and satiety mechanisms appear to be similar. Both regulations have their central mechanisms of control, yet they are each affected by specific reflexes from particular organs. For example, reflexes from chemoceptors and from stretch receptors in the respiratory tract are important in respiration, and the reflexes beginning with olfaction and taste, together with those from receptors within the wall of the digestive system, take part in the control of feeding. (The inhibition of feeding when the stomach is distended may be analogous to the inhibition of inspiration when the lungs are distended, the Hering-Breuer reflex.) And finally, both of these regulations are associated with painful sensations which are designated as hunger, for example, air hunger. It is necessary to point out that the study of pulmonary ventilation has gone forward with almost no attention to air hunger. As painful and as dramatic as this sensation may be, it does not appear in the present-day schemes of the nature of control of respiration. Possibly its function is limited to periods of exceptional respiratory need. Whether gastric hunger is similar in its significance is not known. It has not provided a basis for any satisfactory theory of regulation of food intake, and I am inclined to the opinion that, under most conditions in adult human subjects, hunger is not very important in feeding behavior. In babies, by contrast, it may be a most critical factor, because it helps to assure a nearly helpless infant of the attention of the mother when food is needed.
In the control of pulmonary ventilation the respiratory minute volume is regulated by way of the arterial tension of carbon dioxide, the pH of arterial blood, and, apparently under unusual circumstances, by the oxygen tension. Students are often surprised to learn that a process so essential to life as is the supply of oxygen should be regulated, almost incidentally as it were, through control of carbon dioxide export. A similar situation may exist in feeding mechanisms; although the end result of regulation is the control of energy intake, animals apparently have no mechanism capable of measuring energy as such. They probably do not meter the calories ingested, but attain an energy balance rather indirectly through reactions that are related to or proportional to the energy need.
This question, what variable or what reaction is the basis of the regulation of feeding, is an important one and one of considerable interest. The third and final part of this paper is a discussion of one particular hypothesis relating to this subject. In 1931, Strang and McClugage suggested that the principal factor in satiety is the stress imposed upon the body by the extra heat produced in assimilating food.' The extra heat is known, of course, as the specific dynamic action (S.D.A.), and it is released in reactions where foodstuffs are interconverted and prepared for oxidation by the tissues. The S.D.A. of protein is highest because prior to oxidation it must undergo oxidative deamination, with synthesis of urea, as well as other changes peculiar to the several amino acids. The S.D.A. of carbohydrate is less, and fat least, but there is some uncertainty about these two, possibly because earlier investigators did not realize that the composition of the diet previously fed to the animal, and the length of the fasting period before the experiment, will alter the metabolic pathways for carbohydrate. Strang and McClugage carefully measured the specific metabolic effect of a mixed meal given to normal, obese, and thin human subjects; their figures illustrate well the abruptness of the increase and its magnitude.
Some years later, in 1936, Booth and Strang attempted to measure the thermal stress caused by eating, and for this purpose measured the temperature of selected regions of the skin.' They found that there is a rise in skin temperature after a meal is eaten, and they interpreted this rise as being a mechanism for getting rid of some of the extra heat. The authors concluded that the cutaneous vasodilatation and the onset of satiety were interrelated, as they stated in these words: (pp. 542-3) "In these experiments the attainment of satiety, as evidenced by the cessation of eating, was also marked by a sensation of warmth in most cases and by the appearance of gross perspiration in some. These phenomena emphasize the importance of the production and dissipation of heat in the response of the body to the ingestion of food. In studies of the specific dynamic action of food, Strang and McClugage (loc. cit.) emphasized the physiologic load thrown on the body in normal persons by the rapid change in the production of heat resulting from the ingestion of food. One aspect of the physiologic dissipation of the extra heat is described by the observations on the temperature of the skin. . . . Certainly in persons of normal weight the inability to continue eating coincided with a rise of 0.90 C. in only twenty-two minutes."
Booth and Strang tested this hypothesis further by attempting to correlate the onset of satiety with the rate of change of skin temperature. Their data show such a correlation, but they have not been confirmed so far as I can learn; they have not, however, been contradicted. Other attempts at testing the hypothesis have been made in our laboratory, and they have without exception yielded data in agreement with the opinion of Booth and Strang. The first of our attempts was the measurement of food intake at different environmental temperatures.6 The purpose of the study was not to confirm what was already well known-that food intake is higher in a cold than in a warm environment. It was, rather, to measure food intake when animals were exposed to an environmental temperature where they could not accept any additional heat stress and continue to maintain a normal temperature. In these particular animals under the conditions of this particular laboratory, the critical level was near 940 F. At this temperature they had a slight fever, and ate practically nothing (Fig. 1) . May I say that the temperature of 940 F. is of no special significance; the temperature needed to produce this result would, among other factors, depend upon whether or not the animals were acclimatized to heat. From man and certain other animals a higher temperature would be needed to attain the same result, since man is better able to defend himself against heat stress. The important point seems to be that when the temperature of the central mechanism is brought up to the level where fever is about to occur, satiety is complete. This is analogous to apnea following hyperventilation.
Our second attempt to test the hypothesis began with the idea that the satiety value of food should be correlated with its over-all specific dynamic action. Thus ments the animals took in three times their usual caloric intake; this suggests that their regulation is not concerned with calories per se ( Table 2 ). In other experiments where the density of the diet was altered, they took either larger or smaller quantities, indicating that bulk is not the most important factor. Strominger studied in this way the importance of fat, carbohydrate, and protein concentration, of bulk, caloric density, and the concentration of accessory food factors. Of all of the factors which he studied, the only one that he found to be eaten by the animals in a reasonably constant amount was the calculated specific dynamic action of the several diets.
Other investigators have noted that when the central regulator in the hypothalamus is injured so as to induce hy-F perphagia, the disturbance is and most obvious when the aniand mals are fed a high-fat diet, taken together suggest that fat is lowest in satiety value and protein highest; and when the hypothalamic regulator is not functioning properly, the low satiety value of fat becomes apparent through the abnormal weight gain of the affected animals.
The hypothesis of Booth and Strang has been utilized by members of our laboratory as an explanation of a variety of phenomena related to feeding, and since our writing on this topic has apparently not been as clear as it should have been, I hope to be able to present the subject in a straightforward manner in this discussion. First of all, the basis for the hypothesis A From these three types of evidence, confirmed repeatedly, it seems obvious that food is a thermal stress that acts upon the hypothalamus to bring about cutaneous vasodilatation. Furthermore, I believe that no one would seriously question a statement that food has some kind of effect upon the hypothalamus which brings about inhibition of further eating and the objective evidences of satiety. The only element of uncertainty in the hypothesis is that the thermal effect, known to act upon the hypothalamus, is, in fact, the essential factor in satiety. The experiments where food intake was measured at different temperatures, and where the composition of the diet was altered, as described above, appear to confirm this particular step in the hypothesis. One other subject of confusion must be mentioned. The papers from our laboratory have not stated that the Booth and Strang hypothesis is a complete explanation and the only possible mechanism for regulating food intake. There are most certainly other important factors. How some of them interact may be suggested as follows: When food is taken, sensory responses from the mouth, pharynx, esophagus, and stomach all signal to the nervous system that eating is in progress. 9 The amount of food taken may be limited first of all by this sensory input, as the depth of respiration is affected by the Hering-Breuer reflexes. Within a few minutes following eating, however, the rate of heat production begins to increase. This extra heat is produced centrally, that is, within the body itself, and it acts primarily upon the receptors of the hypothalamic or pre-optic regions. The central heating effect causes peripheral vasodilatation and, according to the hypothesis, inhibition of feeding. It apparently inhibits other mechanisms as well, those affecting posture, willingness to exercise, the excitability of spinal reflexes, and ability to stay awake. When the heat production has increased by a certain amount, or either the central or the mean body temperature has risen to a critical level (this point is undecided), the animal is not inclined to eat. Yet within a few hours the heat production falls again and with it the mean temperature, and then eating behavior is possible once more. As a tentative generalization, one may say that feeding is inhibited when heat content of the body is rising, and facilitated when heat content is falling.
As I have already mentioned, the specific dynamic action cannot be the only factor in this regulation. But it will account for so many different phenomena that one is tempted to ask whether it may account for still others. I have mentioned, for example, that if heat content of the body is already increased by exposure to a warm environment, a small amount of food will provide satiety, or intervals between meals will be longer. In a similar way, if heat content is rising because of muscular exercise, feeding will be inhibited. That exercise takes away hunger seems to be known universally. Let the exercise stop, however, with a resulting fall in heat content, and feeding is almost sure to follow. If the complications of undue fatigue, dehydration, etc., are avoided, the amount of food taken may be proportional to the rate of change of heat content when the exercise is finished.
Neural control of hunger, appetite, and satiety BROBECK In this same way the S.D.A. hypothesis is able to explain a phenomenon that has troubled nearly every serious student of the regulation of food intake. Many theories have rested upon the availability of some particular foodstuff or metabolite, but they have all had difficulty in explaining why at breakfast, following the period of greatest depletion, the appetite and food intake are less than at the other meals. The S.D.A. hypothesis accounts for this without difficulty. Upon arising in the morning the heat content of the body begins to increase because of the muscular activity of the waking state. Since this heat, like the S.D.A., is released within the body it affects the hypothalamus directly; it is natural that it serves as a substitute for the heat of metabolism of food. The man who enjoys his breakfast, according to the hypothesis, is the one who has breakfast in bed! Or, like a farmer or lumberjack, one who first works at his morning chores, and then sits down to eat while he is cooling off from his early exercise. I suppose that the ideal conditions for eating are an empty stomach in a body where the mean temperature is either a little low, or where it is falling rapidly.
Finally, the hypothesis may give some light upon the relationship of blood sugar levels and appetite. The data not controversial can be summarized by stating that a low level of sugar in the arterial blood increases feeding, while a hyperglycemia in an otherwise normal subject does not necessarily limit food intake. A low blood sugar level, for example, insulin hypoglycemia, very early induces signs of a heat deficit; there are both pilo-erection and shivering. (Later, of course, these are followed by other and more obvious signs of automatic activity.) No doubt the early hypoglycemia tends to diminish the resting heat production, and the body responds by conserving heat and shivering. A desire for food would naturally go with these. Hyperglycemia, on the other hand, probably has no effect upon the heat content of the animal; consequently, it should have little effect upon appetite.
